Abstract. This report aims to review criteria which have been proposed for treatment evaluation in mRCC under antiangiogenic and immune-oncologic therapies and discuss future challenges for imagers.
INTRODUCTION
Over the last fifteen years, the introduction of new classes of anti-cancer therapies has resulted in a questioning of the expectations of oncologists and imagers on how tumours responded to therapeutic challenges. Under conventional chemotherapies, size was a very good surrogate marker of treatment efficacy, with a decrease in size when tumours responded, and an increase in size when tumours escaped drugs. Imaging response criteria were developed evaluating size, with first the WHO criteria [1] , then RECIST (versions 1.0 and 1.1) [2, 3] .
Among new targeted drugs, the use of antiangiogenic (AA) therapies was particularly useful in metastatic renal cell carcinoma (mRCC), a highly vascular tumour, the prognosis of which was largely improved by the introduction of these drugs targeting tumour vessels [4] . However, the use of these drugs resulted in a widespread questioning of the relevance of conventional criteria for the evaluation of tumour response. Instead of resulting in tumour size reduction, best response was often only a stabilisation of disease, despite a benefit in terms of progressionfree-and overall survivals [5] . There is therefore dissociation between clinical benefits for patients and apparent efficacy on size measured by imaging. New imaging techniques, but also new methods of analysis may better evaluate response, including new size criteria, attenuation, functional imaging techniques, and new radiotracers.
Immune therapies are, in turn, generating new questions. Indeed, initial increases in size and apparent new lesions are observed under therapy, which in some patients are effectively due to tumour growth, but in others are a consequence of massive and transient immune cell infiltrate preceding response [6] . the RECIST working group [7] proposed new criteria, aiming to standardise tumour evaluation under immunotherapy.
This report aims to review criteria for treatment evaluation in mRCC under anti-angiogenic and immune-oncologic therapies and discuss future challenges for imagers.
TREATMENT RESPONSE CRITERIA IN MRCC UNDER ANTI-ANGIOGENIC THERAPIES (TABLE 1)

Size criteria: New -10% threshold for definition of treatment benefit
Contrary to what has been often stated, size changes under AA drugs are correlated to patient outcome. As shown by Grunwald et al. [8] , the bigger the tumour shrinkage under therapy, the greater the progression-free survival (PFS) and overall survival (OS) observed. The issue, however, is the threshold that should be used to decide whether patients are benefitting from AA therapy or not. RECIST criteria [2] considered as the standard of response evaluation have repeatedly been shown to be inadequate to evaluate tumour response to anti-angiogenic therapies in mRCC [9] [10] [11] [12] . Thiam et al. [12] were the first to study different thresholds of size changes to determine which was the most adequate to predict patient benefit (i.e. significantly improved PFS). A decrease of more than -10% in the sum of target lesions to define tumour response was determined to most effectively predict progression-free survival (median PFS 11.1 vs 5.6 months, i.e. a ratio of the median PFS of 2.0, 95% CI 1.3-2.7), in a retrospective study of use of sunitinib in a phase III trial data and validated in an independent cohort (Fig. 1) . It has since then been repeatedly confirmed in various papers, including different anti-angiogenic therapies, and patients under various lines of treatment [9, 11, 13, 14] . 
Not specifically evaluated in publications
Modified Choi [25] Sum of largest diameter (SLD) and mean attenuation of target lesions Decrease of SLD of more than -10% compared to baseline AND Decrease of mean attenuation of more than -15% compared to baseline
iRECIST [7] Sum of largest diameter (SLD) and mean attenuation of target lesions
Identical to RECIST May occur after an unconfirmed progression Progression must be confirmed on follow-up imaging Interestingly, this same -10% cut-off for evaluation of response in primary tumours was also predictive of patient benefit (response rate in metastatic sites, OR 2.39, p = 0.022) [15] . We therefore believe it is the most useful criteria which can be used to predict patient response to anti-angiogenic therapy in mRCC. Among size-based criteria, publications have considered tumour burden (either as the sum of largest diameters according to RECIST, or as more sophisticated calculations of volume) and tumour growth rate (quantifying the rate of changes in tumour size). Both have shown to be prognostic factors correlating to overall survival, rather than criteria of drug efficacy [16] [17] [18] [19] [20] .
Criteria based on attenuation
Renal cell carcinoma, and particularly clear cell carcinoma, are hypervascular tumours, and strongly enhance on imaging. It has been frequently observed in clinical routine that RCC metastases appear devascularised after a single cycle of anti-angiogenic therapy (Fig. 2) . For this reason, several publications tested criteria combining size and attenuation to predict patient response to AA therapies. The criteria most often used were the Choi criteria, developed to evaluate gastrointestinal tumours (GIST) under imatinib, defining response as a decrease of more than ≥ -10% size of the sum of target lesions OR ≥ -15% mean attenuation of target lesions [21] . Several authors used Choi criteria to evaluate treatment response [9, 10, [22] [23] [24] [25] [26] , others modified these criteria by defining response as BOTH a decrease of over ≥ -10% size of the sum of target lesions AND over ≥ -15% mean attenuation of target lesions measured on the arterial phase [10, 23, 25] . The modified Choi criteria seemed superior to the original criteria to predict outcome. It is of note that the size threshold used in these criteria (-10%) is the same as the one defined as the most significant to reflect patient benefit (previous paragraph). Overall, concerns regarding reproducibility of measuring attenuation have been raised [14] , and the added benefit of attenuation compared to the -10% size criteria alone may have contributed to the lack of use of these criteria either in clinical routine or in clinical trials.
More complex criteria combining size and attenuation were also proposed, such as SACT [27] and MASS [28, 29] , but they too, have not emerged as useful tools.
Imaging heterogeneity
More sophisticated methods of image analysis are being used to quantify tumour heterogeneity on radiological images. Texture analysis refers to mathematical techniques of analysis of pixel signal intensity content and spatial disposition which reflect intra-lesion heterogeneity [30] . The most simple are histogram-derived analyses (which do not however preserve spatial relationships between pixels), which have been used in two publications [31, 32] , showing that heterogeneity-related features such as entropy, were independent predictors of OS and PFS. Radiomic goes even further by extracting a very large number (several hundreds) of features from images with no a priori hypothesis [33] . This large number of features can then be analysed according to the informatics and statistical methods developed for genomics (Fig. 3) . This is an emerging field, and more studies will be required to understand which are the most relevant parameters, and the requirements in image acquisition and processing for these features to be used either in clinical trials or routine imaging [34, 35] .
Functional imaging: Perfusion and PET
Functional imaging allows quantifying physiological or molecular processes, yielding information not accessible to morphological imaging. Several studies showed the potential of functional imaging techniques for prognosis or prediction of response to therapy [36] .
Among these, perfusion imaging was the most studied, whether using ultrasound [37, 38] , CT [39] or MRI [40] [41] [42] . Perfusion imaging is based on the dynamic acquisition of images before and during injection of a contrast agent, allowing calculating blood flow, blood volume and permeability of tumour vessels. Considering the highly vascular character of renal cell carcinoma, and the anti-angiogenic therapies used, an imaging method quantifying tumour vessels seems the most relevant to evaluate tumour response to these drugs. Perfusion parameters have repeatedly been correlated to progression free-and/or overall survival, under a number of different therapies, most often sorafenib and sunitinib, but each study included only a small number of patients. Lassau et al., led the largest study using DCE-US, including 157 mRCC patients. Such accumulated evidence makes a strong case for perfusion imaging in this indication, yet the implementation of these techniques in routine clinical practice has been hindered by the fact that there is no consensus on the technique to be used, the method of quantification, nor the best parameter.
PET imaging also shows promise in evaluation of mRCC response to therapy. There is uptake of 18 FDG (fluoro-deoxy-glucose) in only 60-75% of Fig. 3 . Heat map based on radiomics features extracted from mRCC patients. Vertically is represented each patient, horizontally each radiomics feature. Such heat maps allow separating patients according to common radiomics profiles, which are then correlated to a given outcome. renal cancers, yet positive FDG standardized uptake value (SUV) was shown to correlate to progression free-and/or overall survival in small studies [43, 44] . 18 FDG-PET may be particularly interesting in a small subgroup of patients with papillary non type-2 carcinoma driven by FH mutation [45] . Other tracers have also been used. Hypoxia was evaluated using 18 F-MISO (fluoromisonidazole), showing that patients with hypoxic metastases had shorter PFS then those who did not (4.8 vs. 11.3 months, P = 0.02) [46] . This tracer is hard to use in routine, and other more specific tracers are studied, such as the monoclonal antibody girentuximab (or cG250) labelled with 124 Iodine for PET [47] or 111 Indium for SPECT [48] , which specifically targets the cell-surface antigen carbonic anhydrase IX (CAIX) in clear cell renal cell carcinoma.
Radiomics features Patients
FUTURE CHALLENGES
Defining progression in mRCC under anti-angiogenic therapy
As shown above, there has been extensive research on evaluation of treatment response to AA therapy in mRCC. However, when treating a mRCC patient, despite a possible initial period of response, tumour evasion to AA drugs inevitably occurs translating into tumour progression [49] . It is progression and not response that will trigger changes in therapy, therefore it is tumour progression that should be identified by imaging techniques to guide the oncologist on the most appropriate time to change therapy. It is currently discussed whether some patients should be treated beyond RECIST-defined progression [50] [51] [52] . Unlike treatment response, very little is known about the dynamics of tumour progression. Our routine clinical experience shows that progression may occur at variable rates, very fast and suddenly or slowly and progressively [53] . The threshold for progression defined by RECIST is an increase of 20% in size of target lesions, unequivocal progression of non-target lesions or appearance of new lesions [2] . Yet a 20% increase occurring between two successive imaging work-ups (i.e. 2-3 months) vs. one occurring over a year or more most probably reflect different mechanisms of progression. Also, a 20% increase in a patient with a small number of lesions may not require the same management as one with a large number of lesions and a high tumour burden. Though there is next to nothing in the literature on the subject, criteria such as tumour growth rate [50] , quantification of tumour heterogeneity, but also functional imaging techniques may help us understand progression under AA therapy. These studies are however difficult to perform, because therapy management remains currently based on size, and it would be deemed unethical to continue therapy in a control group only to test biomarkers. And once a therapy is changed, it is impossible to assess whether the patient is faring better or worse than if it had been continued. Finally, it is challenging to obtain histological correlates to imaging parameters during progression, since they involve multiple biopsies. Small animal studies may be required to apprehend how imaging may evaluate tumour progression.
Immune therapies
In recent years, major developments in the field of cancer immunology research have led to the emergence of a new strategy for the treatment of cancers, called immunotherapies or immune-oncology (I-O) drugs [54] . These enhance the immune response targeting tumours, either by stimulating specific cells in the immune system or counteracting the negative signals produced by cancer cells that inhibit immune responses. As these new therapies emerge, new challenges are being faced by imagers.
Firstly, the expected rate of response to these therapies are approximately 25% in mRCC [55] . There is no current validated biomarker which allows predicting which patients will respond, though there is active research in this field such as mutational landscape, other immune parameters, like tumour infiltrating immune cells, immune-gene signatures, or "immunoscores" [54] . This is an important challenge since these therapies are costly and may induce specific toxicities (immune-related adverse events, mainly cutaneous, gastrointestinal, pulmonary, or endocrine [56] ). Research will be required to determine whether there may be imaging criteria which may help select patients most likely to respond (metastatic localisations, lymph node involvement, tumour heterogeneity, metabolic activity. . . ).
Secondly, pseudo-progressions may be observed under these therapies, first in melanoma [57] , but also in mRCC [52] . These pseudo-progressions are characterised by an initial increase in tumour size under therapy or the appearance of new lesions (Fig. 4) , followed by an often significant response. It is hypothesised that these pseudo-progressions are related to a massive infiltration of the tumour by immune cells reflecting a strong immune response which will result in treatment efficacy [7] . Current recommendations are to systematically confirm any observed progression after 4 more weeks of therapy if patients are clinically stable. Though it is hard to estimate without published studies, probably less than 10-15% of cases in which tumours increase in size or number of lesions are pseudoprogressions. For example, in Escudier et al. [52] , 13% of mRCC patients under nivolumab treated beyond RECIST progression went on to have a partial response. Identifying patients who are truly progressing vs.pseudo-progressing is important to avoid delay before switching to an active drug. To date, no imaging criteria has shown to differentiate a pseudo-progression from a real progression. After several proposals by different teams of immune therapy-specific response criteria such as irRC [6] and irRECIST, the RECIST group established iRE-CIST to evaluate patients under immunotherapy [7] . These will provide standardised data which, analysed retrospectively in the future, will hopefully allow defining imaging signs suggestive of pseudoprogression vs. true progression. Other strategies which should be explored in the coming years include functional imaging such as metabolic imaging (PET) with current or new tracers, diffusion/perfusion MRI or quantification of heterogeneity. These may provide insights on biological changes underlying different imaging phenotypes, to help guide therapeutic decisions.
CONCLUSION
Therapeutic management of metastatic renal cell carcinoma has radically changed in the past 10-15 years. Though there has been extensive research on imaging for monitoring drug efficacy, morphological evaluation of size on CT-scan remains the standard of care. There is cumulative evidence that a -10% threshold is more predictive of tumour response and overall survival rather than the RECIST threshold of -30%. Future challenges imagers are facing however are not the evaluation of tumour response, but rather to help guide the decision to change therapy when patients are progressing. The development of new therapeutic classes such as immune oncology drugs is also generating new questions, mainly how to select patients which may respond to these therapies, and how to differentiate pseudo-progressions from true progressions.
